Summary
Biotin is an essential cofactor utilized by all domains of life, but only synthesized by bacteria, fungi and plants, making biotin biosynthesis a target for antimicrobial development. To understand biotin biosynthesis in mycobacteria, we executed a genetic screen in Mycobacterium smegmatis for biotin auxotrophs and identified pyruvate carboxylase (Pyc) as required for biotin biosynthesis. The biotin auxotrophy of the pyc::tn strain is due to failure to transcriptionally induce late stage biotin biosynthetic genes in low biotin conditions. Loss of bioQ, the repressor of biotin biosynthesis, in the pyc::tn strain reverted biotin auxotrophy, as did reconstituting the last step of the pathway through heterologous expression of BioB and provision of its substrate DTB. The role of Pyc in biotin regulation required its catalytic activities and could be supported by M. tuberculosis Pyc. Quantitation of the kinetics of depletion of biotinylated proteins after biotin withdrawal revealed that Pyc is the most rapidly depleted biotinylated protein and metabolomics revealed a broad metabolic shift in wild type cells upon biotin withdrawal which was blunted in cell lacking Pyc. Our data indicate that mycobacterial cells monitor biotin sufficiency through a metabolic signal generated by dysfunction of a biotinylated protein of central metabolism.
Introduction
Biotin (vitamin B7 or vitamin H) is an essential cofactor used by the carboxylase and decarboxylase family of enzymes. Whereas biotin is vital to, and used by, members of all domains of life, it is synthesized only by bacteria, plants and fungi (Lin and Cronan, 2011) . For this reason, biotin biosynthesis has been proposed as a promising target for antibiotic development. In the human pathogen M. tuberculosis, depletion of the essential biotin biosynthetic protein BioA leads to bactericidality in vitro and clearance of M. tuberculosis from mice when BioA is depleted either in acute or persistent infection (Woong Park et al., 2011) . The antibiotic amiclenomycin and its analogues inhibit BioA and show whole-cell activity against M. tuberculosis (Shi et al., 2011) , and a target-based approach identified novel compounds with inhibitory activity against BioA (Park et al., 2015) , many of which were also present in the diversity-oriented scaffolds (DOS) collection (Galloway et al., 2010) . Further characterization of the biotin biosynthetic pathway may reveal additional antibiotic targets.
The latter stages of biotin biosynthesis are conserved among all organisms proficient for biotin biosynthesis. Pimeloyl-ACP/CoA is converted to biotin via the sequential action of four enzymes: BioF, BioA, BioD and BioB. Thus far, no alternative pathway has been identified to perform this stage of biotin biosynthesis. In contrast, multiple different mechanisms have been shown to yield pimeloyl-ACP. In E. coli, the methyltransferase BioC allows malonyl-ACP to enter the fatty acid elongation pathway, and after two rounds of elongation, pimeloyl-ACP methyl ester exits the pathway when it is hydrolyzed by the methyl esterase BioH (Lin et al., 2010) . B. subtilis has a cytochrome P450 enzyme (BioI) that can convert long-chain fatty acids to pimeloyl-ACP, and also possesses a pathway which converts free pimelic acid to pimeloyl-CoA using the enzyme BioW (Cryle, 2010; Lin and Cronan, 2011 ) (Summarized in Fig. 1 ). Recent evidence indicates that BioW is the dominant pathway in B. subtilis (Manandhar and Cronan, 2017) .
As biotin biosynthesis is an energetically costly process, many biotin prototrophs have evolved mechanisms to control the transcription of biotin biosynthetic genes such that expression is induced when exogenous biotin is not available. E. coli possesses a bifunctional biotin ligase BirA, which acts as a biotin ligase to covalently attach biotin to biotin-utilizing enzymes, and as a transcriptional regulator of biotin biosynthesis (Cronan, 1988) . In biotin-replete conditions, BirA forms a homodimer, which binds the biotin operator and represses the transcription of bioFADBC. In biotin-starved conditions, unbiotinylated biotin binding proteins (AccB) competitively bind to single BirA proteins to form BirA-AccB heterodimers, which do not possess repressor activity (Weaver et al., 2001; Solbiati and Cronan, 2010; Chakravartty and Cronan, 2012) . As such, in E. coli, biotin biosynthesis is coupled to the accumulation of an unbiotinylated protein through the bifunctional BirA.
In contrast, Brucella and other Alphaproteobacteria utilize the GntR family protein BioR to repress expression of bioFADBZ and of the biotin transporter bioY during biotin-replete conditions (Feng et al., 2013a,b) . The mechanism of this repression is poorly understood, but Brucella (type I, or unifunctional) BirA lacks the DNAbinding domain found in E. coli BirA (Beckett, 2007) . Along with many other Actinobacteria, Mycobacteria also possess a type I BirA protein, and the soil bacterium M. smegmatis has recently been discovered to employ the TetR family protein BioQ as a transcriptional regulator of bioFDB expression (Tang et al., 2014) . TetR family proteins typically repress transcription in the absence of their ligand, and dissociate from DNA after ligand binding triggers a conformational shift in their helix-turn-helix DNA binding domain (Ramos et al., 2005) . As is the case in Alphaproteobacteria, the mechanism of BioQ derepression is poorly characterized, though it has been shown that biotin itself is not the ligand of BioQ (Tang et al., 2014) , suggesting that some alternate non-biotin ligand mediates BioQ release from its operator. Although TetR like repressors are abundant in M. tuberculosis, it lacks a predicted ortholog to BioQ and the transcriptional regulation of biotin in M. tuberculosis has not been elucidated.
In this study, we undertook a genetic screen in M. smegmatis for biotin auxotrophs. In addition to identifying previously known late stage biotin biosynthetic genes, we identified multiple transposon insertions in pyruvate carboxylase (pyc) as conferring biotin auxotrophy. Analysis of pyc null strains supports a model in which dysfunction of Pyc during biotin depletion, itself a biotin dependent enzyme, generates a metabolic signal that stimulates BioQ derepression.
Results

Disruption of M. smegmatis gene MSmeg_2412 confers biotin auxotrophy
To identify new genes involved in biotin biosynthesis in mycobacteria, we employed a forward genetics approach using the mycobacteriophage uMycoMarT7. We constructed a library of approximately 10,000 Fig. 1 . Summary of previously-characterized biotin biosynthetic pathways. Late (green box) biotin biosynthesis is conserved in all biotinsynthesizing organisms and is catalyzed by the action of four enzymes: BioF, BioA, BioD, and BioB, which convert pimeloyl-ACP/CoA to biotin. Synthesis of the pimeloyl-ACP moiety differs between bacteria. In E. coli (red box), BioC methylates malonyl-ACP to form malonyl-ACP methyl ester, which then enters the fatty-acid elongation pathway. BioH demethylates pimeloyl-ACP methyl ester to form pimeloyl-ACP (Lin et al., 2010) . In contrast, B. subtilis (blue box) utilizes BioI to break down long-chain fatty acids into pimeloyl-ACP. A secondary pathway exists in which free pimelic acid is converted to pimeloyl-ACP by BioW (Cryle, 2010). transposon insertion mutants in M. smegmatis mc 2 155 strain, and screened these mutants for inability to grow on medium lacking biotin. This strategy identified insertions in the previously characterized biotin biosynthetic genes bioA, bioB and bioF as conferring biotin auxotrophy. Three strains, each bearing independent transposon insertions in MSmeg_2412, were unable to grow on medium lacking biotin ( (Jitrapakdee et al., 2008; Yu et al., 2009) , and has been shown to have roles in anaplerosis, gluconeogenesis, elongation of fatty acids, and branched-chain amino acid biosynthesis (Attwood, 1995; Peters-Wendisch et al., 1998; Mukhopadhyay and Purwantini, 2000; Owen et al., 2002; Sauer and Eikmanns, 2005) . We proceeded to confirm that disruption of pyruvate carboxylase itself, rather than second-site mutations or polar effects, was responsible for the inability of pyruvate carboxylase insertion mutants to grow on medium lacking biotin. To do so, we complemented these strains with plasmids expressing MSmeg_2412 or expressing the downstream genes MSmeg_2413 and MSmeg_2414. Expression of MSmeg_2412 restored biotin prototrophy to the pyc::tn strain, whereas neither expression of MSmeg_2413 nor MSmeg_2414 had any effect ( Fig. 2A) .
To further assess the biotin auxotrophy in the pyc::tn strain, we grew wild type M. smegmatis, pyc::tn, and bioA::tn in liquid medium containing decreasing concentrations of biotin. Wild type M. smegmatis did not show an identifiable defect at any biotin concentration, whereas both pyc::tn and bioA::tn grew similarly well in medium containing 13 (500 ng ml 21 ), 1/103, or 1/1003
biotin, but failed to grow after approximately 12 h in medium containing either no biotin or 1/10003 biotin ( Fig. 2B-D) . Quantitation of cell death indicated that both pyc::tn and bioA::tn lose viability with similar kinetics, beginning at 12 hours after biotin withdrawal (Fig. 2E ). These data indicate that loss of pyruvate carboxylase confers biotin auxotrophy in mycobacteria with a biotin requirement for viability similar to a known late stage biotin biosynthetic defect.
Pyruvate carboxylase is required for transcriptional derepression of biotin biosynthesis
Given the similar phenotype of the pyc::tn and bioA::tn mutants, we tested whether pyc::tn was defective in the late stages of biotin biosynthesis. Addition of desthiobiotin (DTB), the penultimate biosynthetic intermediate in the biotin biosynthetic pathway (Fig. 1) , was unable to restore growth to pyc::tn, indicating a defect in bioB function (Fig. 3A) . DTB was unsurprisingly able to restore growth to bioA::tn strain due to intact BioB function (Fig. 3C , right panels). Expression of bioB restored biotin prototrophy to pyc::tn when the growth medium was supplemented with DTB ( Fig. 3C , bottom right), but only partially restored growth in the absence of DTB (Fig. 3C , bottom left), indicating that the pool of DTB in the pyc::tn strain is limiting and implying an additional defect in the biotin biosynthetic pathway before the generation of DTB. Biotin biosynthetic genes are transcriptionally induced in low biotin conditions such that bioBFD are coordinately regulated. To examine whether transcriptional upregulation of these genes is defective in the pyc::tn strain, we quantitated the mRNAs for bioFADB by RT-qPCR (Fig.  3A) . In biotin-replete conditions, WT and pyc::tn M. smegmatis express similar levels of these transcripts. However, after three hours of biotin deprivation in wild type cells, we observed a 16-fold induction of bioB and bioFD (expressed as a single transcript) mRNAs (Fig. 4A) . We do not find bioA to be transcriptionally upregulated by low biotin, consistent with previous reports (Tang et al., 2014) . In contrast, pyc::tn fails to upregulate bioB or bioFD in low biotin, potentially explaining its defect in growth in this condition (Fig. 4A) . Complementation of pyc::tn with a wild type copy of pyc, which complemented biotin Fig. 2A) , restored bioB induction in low biotin and in fact de-repressed bioB even in biotin-replete conditions (Fig. 4A ). These data indicate that pyc is required for the transcriptional induction of biotin biosynthetic genes in low biotin conditions. Previous work (Tang et al., 2014) has shown that bioB and bioFD-but not bioA-are repressed by the TetR like regulator BioQ, which binds to an operator in the bioB and bioF promoters which overlaps the TSS for these genes (Tang et al., 2014) . BioQ dissociates from its operator in low biotin conditions, although the signal for BioQ binding or dissociation is not clear and does not appear to be biotin itself or biotinoyl-AMP (Tang et al., 2014) . To test whether the biotin auxotrophy of the pyc::tn strain requires BioQ mediated repression, we introduced null mutations in bioQ in both the WT and pyc::tn backgrounds using homologous recombination and double counterselection (Barkan et al., 2011) . We also constructed a null mutation of pyc to confirm that biotin auxotrophy was not specific to the pyc::tn transposon mutant.
We tested each of these strains for the ability to grow without biotin and observed that a Dpyc strain was indeed a biotin auxotroph ( Fig. 4B ) and that deletion of bioQ in the pyc::tn background restored the ability of this strain to grow without biotin (Fig. 4B) . We also constructed a bioQ null mutant via CRISPR-mediated chromosomal cleavage (see methods) in the pyc::tn background, (Supporting Information Fig. S1A ). We tested the ability of the pyc::tn bioQ (frameshift) strain to grow without biotin and found that inactivation of bioQ reverted the biotin auxotrophy of the pyc::tn strain ( Fig.  4B and data not shown).
RT-qPCR of bioB mRNA showed that loss of BioQ derepressed BioB expression in wild type cells, as reported previously ( [Tang et al., 2014] , Fig. 4C ) and also restored bioB expression in pyc::tn (Fig. 4C , Supporting Information Fig. S1B ). These results demonstrate that the biotin auxotrophy conferred by inactivation of pyruvate carboxylase is due to inability to derepress biotin biosynthetic genes during biotin deprivation and imply that pyruvate carboxylase is required for generation of the signal that relieves BioQ mediated repression.
Pyruvate carboxylase catalytic activity is required for its regulatory function M. smegmatis possesses two genes predicted to code for pyruvate carboxylase enzymes: MSmeg_2412, the transposon mutant of which we analyze above, and the additional gene MSmeg_6648. Meanwhile, the predicted proteome of the pathogenic mycobacterium M. tuberculosis contains a single pyruvate carboxylase encoded by the gene Rv2967c, which is most similar in primary amino acid sequence and genomic organization to MSmeg_2412. The two M. smegmatis pyruvate carboxylase proteins share a high degree of similarity (90%) by amino acid sequence (Supporting Information Fig. S2 ) with conserved amino acid residues found to be necessary for enzymatic activity (biotin carboxylase activity: E288, N290, R292 (Janiyani et al., 2001 ); carboxytransferase activity: (R532, D533, E566 [St Maurice et al., 2007; Yu et al., 2009; Marchler-Bauer et al., 2017] ), or biotin attachment (K1093 [Polyak et al., 2001; Kim et al., 2004] ). To determine whether the pyruvate carboxylases MSmeg_6648 or Rv2967c can compensate for loss of pyc (MSmeg_2412), we expressed each of these proteins in pyc::tn. Whereas the M. tuberculosis pyruvate carboxylase encoded by Rv2967c did complement the biotin biosynthetic defect of pyc::tn, MSmeg_6648 failed to complement even when expressed under control of the inducible tet ON promoter (Fig. 5A) . However, western blotting did not reveal a detectable protein product A. pathway of late-stage biotin biosynthesis. Pimeloyl-CoA is converted to biotin via the action of four biotin biosynthetic enzymes: BioF, BioA, BioD, and BioB. Expression of bioFD and of bioB, but not of bioA, has been shown (Tang et al., 2014) to be repressed by the TetR family repressor BioQ under biotin-replete conditions in M. smegmatis. B and C. WT (MGM8019), bioA::tn (MGM8021), and pyc::tn (MGM8020) were tested for growth on medium containing (B), or lacking biotin (C, left panels) or containing the biosynthetic intermediate desthiobiotin (DTB) (C; two rightmost panels). bioA::tn and pyc::tn strains expressing bioA (pyc::tn: MGM8034; bioA::tn: MGM8036) or bioB (pyc::tn: MGM8035; bioA::tn: MGM8037) under the control of a heterologous promoter responsive to the inducer anhydrotetracycline (ATc) (C; ATc present in bottom panels) were also tested.
corresponding to MSmeg_6648 (data not shown). These data demonstrate functional conservation between MSmeg_2412 and M. tuberculosis Rv2967c.
To assess whether pyruvate carboxylase activity itself, rather than another property of MSmeg_2412, is required for its biotin regulatory function, we expressed truncations of MSmeg_2412 lacking one or more predicted domains. Pyruvate carboxylase possesses three major structural domains: the N-terminal biotin carboxylase (BC), carboxytransferase (CT) and the C terminal biotin binding (BCCP). The transposon insertions we identified as conferring biotin auxotrophy were located between the BC domain and the CT domain (mutant 119) or in the CT domain (mutants 10 and 134) C-terminal to active site residues (Supporting Information Fig. S2 , black arrows). The biotin carboxylase domain adds a carboxyl group to biotin in the first step of the pyruvate carboxylase mechanism, and is essential for pyruvate carboxylase activity (Janiyani et al., 2001) .
Truncations containing only the MSMEG_2412 biotin carboxylase (BC) or carboxytransferase (CT) domains failed to restore growth to pyc::tn on medium lacking biotin. Surprisingly, a truncation lacking the BC domain but containing both the CT domain and the biotinbinding (BCCP) domain did successfully revert the pyc::tn biotin phenotype (Fig. 5B) . However, expression of a BC catalytic mutant (E288K), which we confirmed is both expressed and biotinylated (Fig. 5D ), failed to restore growth to pyc::tn on medium lacking biotin (Fig.  5C ). Expression of each of these constructs in the Dpyc strain, which lacks the entire Pyc protein, revealed identical requirements for complementation ( Fig. 5E and F) .
To further address the question of whether pyruvate carboxylase activity is responsible for the requirement for pyruvate carboxylase function and relief of BioQ repression, we constructed two mutants which lack the MSMEG_2412 biotin attachment site (K1093L (Polyak et al., 2001 ) and K1093R [Kim et al., 2004] ). As expected, expression of either of these mutants failed to restore growth to pyc::tn (Fig. 5C ), despite expression of the mutant proteins at wild type levels (Fig. 5D , HA panel). We were unable to detect biotinylation of each of these mutants using streptavidin-HRP, indicating that despite their detectable expression, they each failed to be biotinylated (Fig. 5D, biotin panel) . As covalent linkage of biotin to the biotin-attachment lysine is required for pyruvate carboxylase activity (St Maurice et al., 2007) , this experiment provides further evidence that pyruvate carboxylase activity of MSMEG_2412, rather than any other function of the protein or its coding sequence, is the key factor which is essential for its regulatory function. As a final attempt to deduce the unique features of the M. smegmatis Pyc enzyme that are required for biotin biosynthesis, we complemented the pyc::tn strain with Pyc from B. subtilis (strain MGM6518). Although we confirmed protein expression and biotinylation of the B. subtilis Pyc in M. smegmatis, this enzyme did not rescue the biotin auxotrophy (data not shown). The failure of a nonbiotinylated Pyc enzyme to induce biotin biosynthesis clearly indicates that it is not simply the accumulation of a biotin free protein that is the signal for BioQ derepression. A. Expression of the biotin biosynthetic genes bioFADB in WT (MGM8007), pyc::tn (MGM 8008) and complemented (MGM8011) strains under biotin-replete and biotin-deficient conditions. Strains were grown for three hours with or without biotin, RNA was prepared, and RT-qPCR was performed for the indicated mRNAs. B. Loss of bioQ suppresses the biotin auxotrophy of pyc::tn. Genetic deletions of pyc (MGM6514) and bioQ (MGM6516 and MGM6520) were introduced via homologous recombination (see strain table), and growth on medium containing or lacking biotin was assessed. C. Loss of bioQ restores bioB expression to pyc::tn. Error bars are standard deviation of three biological replicates. Biotinyl-pyruvate carboxylase is depleted more quickly than other biotinylated proteins during biotin deprivation
Control of biotin biosynthesis
The data presented above indicates that pyruvate carboxylase activity is required for to induce biotin biosynthetic genes through BioQ. As pyruvate carboxylase is itself a biotinylated protein, we hypothesized that loss of Pyc function, through loss of biotinylation, may be a sensitive indicator of cellular biotin starvation. To determine the effects of biotin deprivation on bacteria which cannot synthesize their own biotin, we used streptavidin-HRP to probe cellular biotinylated proteins in order to assess the kinetics of biotinylated protein depletion in WT, pyc::tn, and bioA::tn M. smegmatis. We identified biotinyl-pyruvate carboxylase (Fig. 6A , top band, absent in pyc::tn, marked with an asterisk) as well as multiple additional biotinylated proteins. The pyc::tn strain lacked any gross defects in biotinylated proteins during biotinreplete (0 h) conditions (other than the absence of the 120 kDa band for pyruvate carboxylase), and showed similar rates of disappearance of biotinylated proteins when compared to the bioA::tn strain (Fig. 6A , Supporting Information Fig. S3) . A search for homology to the Pyc biotin-binding domain within the M. smegmatis predicted proteome identified the pyruvate carboxylases MSMEG_2412 and MSMEG_6648, as well as the acetyl/propionyl-CoA carboxylases MSMEG_0334, 1807, 5943 and 4716. Each of these acetyl/propionyl-CoA carboxylases are predicted to have a molecular weight between 60 and 75 kDa. The biotinylated proteins we detected with molecular weights of below 60 kDa do not correspond to any protein identifiable via this method, and may either represent degradation products or uncharacterized biotinylated proteins.
We repeated this experiment in triplicate to assess the rate at which the biotin auxotroph bioA::tn loses biotinylated proteins (Supporting Information Fig. S3) , and quantitated the results (Fig. 6B) . Biotinyl-pyruvate carboxylase begins to be depleted by three hours of biotin depletion, a time point at which growth of biotin auxotrophs is comparable to WT (Fig. 2C) , and other A. Streptavidin HRP Western blot of total biotinylated protein in WT (MGM8007), pyc::tn (MGM8008), and bioA::tn (MGM8009) during biotin deprivation for 0, 3, 6 and 12 h. Biotinylated proteins were visualized using streptavidin-HRP with anti-RpoB as a loading control. Pyruvate carboxylase (topmost band, marked with *) was absent in pyc::tn, as expected, but pyc::tn showed no obvious deficiencies in other biotinylated proteins. The biotinylated proteins used for quantitation (see Supporting Information Fig. S3 ) are marked with * or <. B. Quantitation of the fraction of the indicated proteins remaining at 3 h of biotin deprivation compared to T0 in a bioA::tn strain. Error bars are standard deviations of three biological replicates. A. TB Pyruvate carboxylase supports biotin biosynthesis. WT (MGM8019), pyc::tn (MGM8020), bioA::tn (MGM8021), and pyc::tn expressing either the annotated second pyruvate carboxylase in M. smegmatis (MSmeg_6648) (MGM8024) or the M. tuberculosis ortholog Rv2967c (MGM8025) for growth on medium lacking biotin. EV 5empty vector. B. Truncation of Pyc. pyc::tn was complemented with plasmids expressing full length pyruvate carboxylase (MGM8023), biotin carboxylase (BC) domain (MGM8026), only the carboxytransferase (CT) domain (MGM8027), or the CT domain and the biotin-binding (BCCP) domains (MGM8028). C. Pyruvate carboxylase BC active site or biotin attachment sites are required for biotin prototrophy. pyc::tn was complemented with plasmids expressing full length Pyc with a BC catalytic residue mutation (E288K) (MGM8029) or the essential residue for covalent attachment of biotin (K1093L/R) (MGM8030/8031). Each strain was N-terminally HA-tagged and expressed under the control of an ATc-dependent promoter. D. Each of the Pyc isoforms from (C) as well as native pyruvate carboxylase (MGM8011) were N-terminally HA tagged. Expression of each of the mutants (E288K, K1093L/R) was similar to levels of native pyruvate carboxylase (Pyc-HA1) when induced with ATc. Low levels of pyruvate carboxylase were present in the absence of induction (Pyc-HA-). Detection of protein biotinylation was performed using streptavidin-HRP. RNA polymerase subunit B (RpoB) is shown as a loading control. Native pyruvate carboxylase (Pyc-HA) is the same strain shown in Figs 2A and 4A . E. Dpyc (MGM6521) was complemented with plasmids expressing the BC domain (MGM6522), only the CT domain (MGM6523) or the CT domain and BCCP domains (MGM6524). F. Pyruvate carboxylase BC active site or biotin attachment sites are required for biotin prototrophy. Dpyc was complemented with plasmids expressing Pyc-E288K (MGM6525) or Pyc-K1093L/R (MGM6526/2527).
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biotinylated proteins have not yet declined in abundance. Depletion of the majority of biotinylated proteins is observed by six hours or more of biotin depletion, a time point that coincides with growth arrest of biotin auxotrophs (Fig. 2E) . We conclude that depletion of biotinyl-pyruvate carboxylase is an early marker of biotin deprivation and may generate the signal to upregulate biotin biosynthesis.
Metabolomic analysis identifies candidate inducers of BioQ dependent genes
The requirement for Pyc enzymatic function to support biotin synthesis may suggest that the signal for BioQ depression is a metabolic shift due to Pyc dysfunction. To assess this idea, we pursued a metabolomic approach. We collected metabolites from WT and pyc::tn, either in biotin-replete or biotin depleted conditions for three hours. This short period of biotin withdrawal was chosen to ensure that metabolic changes were indeed a result of biotin deprivation, rather than generalized signals of cell death, which might occur if biotin deprivation had been lengthened until growth arrest occurs. Using this approach, we were able to identify and to quantitate the levels of approximately 150 metabolites with distinct LC-MS peaks and retention times (Supporting Information Fig. S4 ). Statistical analysis identified 16 of these metabolites present at levels that were significantly different between strains and/or conditions (Fig. 7A) . Pyruvate, the substrate of pyruvate carboxylase, accumulated in wild type cells with biotin withdrawal, consistent with the kinetics of Pyc protein depletion, but was depleted in all conditions in pyc::tn cells, i.e., both with and without biotin (Fig. 7A) . Principal-component analysis (PCA) on the metabolomic data (Fig. 7B) separates the samples primarily by strain on the first principal component, which explains the majority of the variation between samples. The PCA also shows that biotin withdrawal from the wild type strain causes a metabolic shift in both principal components, whereas biotin withdrawal from pyc::tn has a minimal effect (Fig. 7B ) Additionally, the majority of the differences between metabolites which differed between the strains (Fig. 7A ) or metabolites as a whole (Supporting Information Fig. S4 ) are found between strains, rather than between conditions. These metabolomic data indicate that biotin withdrawal from wild type cells causes broad metabolic perturbation, including dysfunction of Pyc. In cells lacking Pyc, these metabolic changes are blunted or absent and the strain, even with biotin, has adapted to the loss of Pyc.
We performed pathway analysis (Kamburov et al., 2011) and identified alanine/aspartic acid/glutamic acid metabolism, arginine biosynthesis, lysine biosynthesis, the citric acid cycle and pyruvate metabolism to be overrepresented within our list of significantly perturbed metabolites. However, we were unable to restore growth of pyc::tn on medium lacking biotin by supplementing the media with metabolites found at lower levels in pyc::tn than in WT (data not shown), possibly because these metabolites are not cell-permeable. It is also possible that the factor required to derepress biotin synthesis is a modified species of one of the accumulated metabolites or that our method failed to detect the relevant metabolite.
Discussion
We have uncovered an unanticipated role for pyruvate carboxylase in regulating biotin biosynthesis in mycobacteria. We identified transposon insertions in MSmeg_2412, encoding pyruvate carboxylase, as unable to grow on medium lacking biotin. The role of pyruvate carboxylase in regulating biotin biosynthesis is to mediate transcriptional induction of BioQ repressed biotin biosynthetic genes. In the absence of Pyc, these genes remain repressed, conferring biotin auxotrophy. This function of Pyc in biotin biosynthesis requires the active site residues of the Pyc enzyme as well as enzyme biotinylation, strongly suggesting that the participation of Pyc in the biotin pathway reflects its canonical enzymatic activity in central metabolism. We find that biotinyl-Pyc is the most rapidly depleted biotinylated protein upon biotin withdrawal, supporting the idea that the loss of Pyc activity is an early consequence of biotin starvation. Our primary model to explain these findings is that transient loss of pyruvate carboxylase activity caused by biotin deprivation generates the metabolic signal that derepresses BioQ-regulated genes. This metabolite could be the direct substrate of Pyc, pyruvate, which we find to accumulate with biotin withdrawal in our metabolomic studies. However, it may be unlikely that such a central metabolite, the levels of which could be affected by many factors independent of biotin starvation, would be the signal for BioQ depression. More likely is that the BioQ signal is Pyc dependent, but is a downstream conversion product of a metabolite that accumulates due to Pyc dysfunction, which we did not identify in our metabolomic studies. Further work is therefore required to identify the Pyc dependent BioQ inducer.
At first glance, it may seem paradoxical that transient loss of Pyc activity (through loss of biotinylation during biotin deprivation) induces biotin biosynthesis through BioQ, whereas permanent loss (i.e., genetic deletion) prevents BioQ derepression. Our data indicate that the Pyc enzyme, itself a biotinylated protein, declines rapidly in abundance during the early hours of biotin withdrawal in a strain that cannot synthesize biotin, before other biotinylated proteins have declined and before cell death occurs. Changes in metabolites caused by the transition of pyruvate carboxylase from holo-to apo-form, and its subsequent loss of catalytic activity, would be predicted to result in acute metabolic shifts that would be different from those experienced by a strain lacking pyruvate carboxylase through genetic deletion. Indeed, our metabolomic analysis strongly supports that (i) biotin withdrawal causes broad metabolic shifts in wild type cells, (ii) these shifts are much less dramatic or absent in Pyc deficient cells and (iii) genetic deletion of pyc causes metabolic perturbation even in the presence of biotin such that this mutant has adapted to the metabolic shifts that accompany acute loss of Pyc function. This effect is obvious when observing the detected A. We collected metabolites from three replicates of WT (MGM8007) and pyc::tn (MGM8008) after three hours of growth with or without biotin. Metabolite levels were normalized to total biomass measured in each replicate using a generalized linear regression model. Metabolites which were significantly different between strains or conditions are summarized in the heat map. Higher abundance for a metabolite than expected by the model given the strain's biomass is indicated in red, and lower abundance in green. B. Principal-component analysis (PCA) of all metabolites. Each dot is one replicate of the indicated strain/biotin condition. levels of pyruvate, the substrate of Pyc. Pyruvate accumulates in wild type cells upon biotin starvation, consistent with Pyc dysfunction. However, pyruvate does not accumulate in the Pyc deficient strain in any condition, indicating that the strain has adapted to chronic loss of pyruvate carboxylase.
An alternative explanation for the role of pyruvate carboxylase in regulation of biotin biosynthesis would be that BioQ senses low levels of biotin in a manner similar to E. coli BirA. When biotin levels are low, biotin-binding domains would not be saturated with biotin cofactor, and unbiotinylated BCCP domains could interact directly with BioQ to modulate BioQ's regulatory function. However, this hypothesis is unlikely to explain the mechanism by which Pyc relives BioQ-mediated repression. Expression of mutant pyruvate carboxylase enzyme lacking the biotin attachment lysine (K1093), and which we have shown is not biotinylated, is unable to restore biotin prototrophy to pyc::tn. As this Pyc enzyme accumulates in its unbiotinylated form, it should directly depress BioQ if the accumulation of biotin free Pyc were the signal, yet it is unable to complement the auxotrophy. Additionally, this mechanism would be atypical of TetR like repressors, which typically bind a small molecule rather than a protein as their ligand, though proteins have been shown to serve as the ligands of TetR like repressors in certain cases (Burkovski, 2007) .
A surprising finding of our study is that a Pyc allele lacking the N terminal biotin carboxylase domain (BC) is able to support biotin biosynthesis, yet an amino acid substitution in the BC domain active site (E288K) cannot. Our original suspicion that this effect was due to the N terminal BC fragment that may be expressed in the pyc::tn strain is belied by the ability of PycDBC to complement the Dpyc strain (in which the entire pyc ORF is deleted). We hypothesize that complementation with the CT 1 BCCP truncation may occur with the biotin carboxylase domain of another biotin-utilizing enzyme in trans, such as the acetyl/propionyl-CoA carboxylase alpha chain enzymes MSMEG_0334 or MSMEG_1807. Each of these proteins contains a BC and BCCP domain, but lacks a CT domain, which is present in the beta chain present on a separate polypeptide. In the E288K Pyc mutant, the presence of structurally intact but inactive BC domain in the Pyc tetramer may prevent this in trans complementation. Prior work has demonstrated that Pyc truncations retain their enzymatic activity when alone (Sueda et al., 2004) and intermediate transfer between domains has been shown to occur (Islam et al., 2005; St Maurice et al., 2007) . However, full explanation of this finding will require further biochemical characterization of the mycobacterial Pyc enzyme.
In summary, we have uncovered a new mechanism of biotin regulation, which relies on the competence of a biotinylated enzyme of central metabolism as a sensor for biotin sufficiency. We anticipate that this mechanism may be applicable to other bacteria which have dissociated biotin ligase function from transcriptional regulation of biotin biosynthesis.
Individual colonies were patched onto 7H10/smeg medium lacking biotin but with 1 mg ml 21 avidin and onto 7H10/ smeg medium with biotin. tn mutants which grew on medium containing biotin but not on medium lacking biotin were retested for biotin auxotrophy and confirmed auxotrophs were processed for transposon mapping as described previously (Siegrist and Rubin, 2009) . Briefly, biotin auxotrophs were grown to log phase and genomic DNA was prepared. Genomic DNA was digested with SacII restriction endonuclease (NEB) overnight and fragments were self-ligated using T4 DNA ligase (NEB) overnight. The reaction was dialyzed, transformed into competent DH5a kpir E. coli, plated on LB agar supplemented with 40 mg ml 21 kanamycin, and incubated overnight at 378C. A single colony was picked and used to inoculate a 5 mL culture of liquid LB broth supplemented with kanamycin. Plasmid DNA was prepared, and the insertion site was sequenced using primers (oNZL003/004) which anneal to the transposon sequence.
Growth on solid medium. Strains were grown in 7H9/ smeg medium with appropriate antibiotics to log phase, then washed three times in 7H9/smeg, with avidin substituted for biotin. ODs were normalized to a starting OD of 0.1, and then serial dilutions were spotted onto solid medium (spots 2-5 ml). Agar media cultures were incubated at 378C for three days.
Growth in liquid medium. Strains were grown in 7H9/smeg medium with appropriate antibiotics to log phase, then washed three times in 7H9/smeg reconstituted using its components, but omitting biotin. Cultures were inoculated to a starting OD of 0.075 at 150 ml per well in a 96 well flatbottomed clear microplate (Corning) in medium containing 13 (500 ng ml 21 ), 1/103, 1/1003, 1/10003 or 0 biotin. Each strain/condition was repeated in triplicate. The microplate was incubated at 378C for 36 hours in a Tecan M1000 plate reader constantly shaking at a 6 mm amplitude in orbital mode. OD600 readings were taken every 30 minutes for the duration of the experiment.
Western blot analysis. Protein lysates were made from M.
smegmatis cultures grown to mid-log OD 600 , then washed three times in 7H9/smeg broth made without biotin but including avidin, then resuspended to various ODs such that the culture would reach OD 0.6 after biotin deprivation (OD 0.3 for 3h deprivations and 0.15 for 6 and 12 hour deprivations). Cultures were pelleted by centrifugation at 3000 g for 10 min, then supernatant was aspirated and the pellets were frozen overnight at 2808C. Pellets were resuspended in lysis buffer (50 mM Tris-HCl [pH 8.0], 50 mM NaCl, 2% SDS, 2 mM EDTA, 1 mM DTT, 1 mM PMSF) and lysed by bead beating with 0.1 mm zirconia beads in a Biospec Mini-Beadbeater-16 3 times for 45 s each. Samples were centrifuged at 3000 g for 10 min and soluble protein concentration in the supernatant was quantified by absorbance at 280 nm in a NanoDrop 1000 (Thermo). Samples were added 1:1 to 23 SDS sample buffer (20% glycerol, 125 mM Tris [pH 6.8], 4% SDS, 0.2% bromphenol blue, 100 mM DTT), boiled for 10 minutes, then cooled on ice before loading equal quantities of protein into a 4-12% NuPage Bis-Tris protein gradient gel (Thermo Fisher). Gels were run using MOPS SDS running buffer (Thermo Fisher) for 80 min at 150 V before being transferred to a Protran nitrocellulose membrane (Whatman) using a Trans-Blot semi-dry apparatus (Bio-Rad). Biotinylated protein was detected using streptavidin-HRP
Metabolomics
Metabolites were detected using LC-MS on samples prepared from M. smegmatis cultures grown on nitrocellulose filters as performed previously (de Carvalho et al., 2010; Eoh and Rhee, 2013; Puckett et al., 2017) . Strains were grown to mid-log OD in 7H9/smeg and then inoculated onto 0.22 mM nitrocellulose filters under vacuum filtration. Experiments were done in triplicate. Filters were placed on top of 7H10/smeg agar plates and allowed to grow at 378C for two days, followed by transfer to 7H10/smeg agar plates made with biotin or without biotin and with avidin for 3 h. Filters were transferred to methanol/acetonitrile/water (2:2:1) precooled on dry ice to metabolically quench the bacteria and bacteria were scraped off of filters. Cells were lysed by bead beating with zirconia beads, centrifuged, and supernatants were filtered across 0.22 mM filters. LC-MS was performed with an Agilent Accurate Mass 6220 TOF coupled with an Agilent 1200 Liquid Chromatography system using a Cogent Diamond Hydride Type C as described previously (Eoh and Rhee, 2013) . Metabolites were identified based on unique accurate mass-retention time identifiers for masses exhibiting the expected distribution of accompanying isotopomers.
Metabolites were normalized to overall biomass using a generalized linear regression model which takes into account that most metabolites remain unchanged (Boyle et al., under review) . Statistical analysis was performed using ANOVA for fixed effects on a linear mixed-effects model. The threshold of significance was adjusted for multiple hypotheses testing using the Bonferroni correction.
Reverse transcription-quantitative PCR. Relative mRNA levels were identified using reverse transcriptasequantitative PCR (RT-qPCR). M. smegmatis cultures were grown to mid log OD and either not treated (1 biotin) or washed three times in 7H9/smeg lacking biotin and containing avidin before being resuspended in medium lacking biotin. All cultures were inoculated in triplicate to an OD of 0.3 and incubated at 378C for three hours before being centrifuged at 3000 g. The supernatant was aspirated and cells were frozen overnight at 2808C. Cells were lysed and RNA prepared using a GeneJET RNA Purification kit (Thermo) following the bacteria total RNA purification protocol with alterations. Before lysis, cells were resuspended in 200 mL Tris-EDTA (TE) buffer supplemented with 1 mg ml 21 lysozyme. Cells were disrupted by beat beating with zirconia beads, and protein was digested with proteinase K for 5 minutes at room temperature. Lysis buffer was added and the mixture was vortexed, then ethanol was added and the mixture was centrifuged at 3000 g. The supernatant was added to a GeneJET RNA purification column and the protocol followed as written. cDNA was synthesized using a Thermo Maxima First Strand cDNA synthesis kit with dsDNAse, using 500 ng of RNA per sample. qPCR was performed using a Thermo Scientific DyNAmo Flash Probe qPCR kit and TaqMan reagents on an Applied Biosystems 7500 quantitative PCR machine. Single amplifications were confirmed by the presence of a melting curve with a single peak, and the absence of contaminating genomic DNA was confirmed by the absence of amplification in control cDNA synthesis reactions performed without RT. The cycle threshold (C T ) value observed for each sample was normalized to the endogenous control value observed for the housekeeping gene sigA using the formula DC T 5 C T; gene -C T; sigA. Normalized expression levels for each gene and condition were calculated using the formula 2
Construction of mutants using CRISPR. Human codonoptimized Cas9 from pX330 (Cong et al., 2013) was cloned using a "dual control" system (Kim et al., 2013 ) under a tight anhydrotetracycline-dependent promoter with a mutated ribosome-binding site (SD5) (Woong Park et al., 2011) to produce an inducible plasmid (pAJF658) and integrated into the M. smegmatis genome at the L5 phage attB site. crRNA containing 20 nucleotides of homology to the desired cut site was fused to tracrRNA present on an episomal plasmid (pAJF619) to form a single guide RNA (sgRNA). The resultant vector was transformed into strains already containing pAJF658. Parent strains containing both pAJF658 and pAJF619 were grown to mid-log OD, induced with ATc for three hours or not induced for controls, and was cultured on 7H10/smeg plates containing and lacking ATc. Individual surviving colonies were picked for inductions which produced approximately 10-fold or more killing and colony PCR was performed to amplify the genomic DNA region surrounding the sgRNA targeted site. PCR products were treated with ExoSAP-IT (Thermo) and sequenced.
Construction of mutants using homologous recombination and double counterselection. Mutants were constructed using the method described in (Barkan et al., 2011) . Briefly, plasmids were constructed containing 500 bp flanking regions 5 0 and 3 0 of the gene to be deleted. Plasmids also contained a hygromycin resistance cassette, as well as galK and sacB genes to be used for double counterselection. The plasmids lacked a mycobacterial origin of replication to prevent replication of the plasmid without integration via homologous recombination. Plasmids were transformed into parent strains and intermediates were selected by resistance to hygromycin. Integrated plasmids were counterselected using 0.2% 2-deoxy-galactose (2-DOG) and 5% sucrose. Recombinations which produced genetic deletions were confirmed via southern blot.
